In this work we performed an analysis of the deformations suffered by a membrane by means of the non-invasive nor destructive digital holographic interferometry technique (DHI). This technique consists in recording holograms of an object and combining their numerical reconstructions to detect small deformations, displacements or oscillations of the entire object or parts of it. Depending on the experimental setup and the wavelength used for illumination, it is possible to detect variations below the magnitude of the wavelength used. We induced controlled deformations of a plastic membrane by heating the air inside a hermetic chamber with a resistor. By matching the frequency of the induced perturbation with the rate at which holograms are acquired, we could analyze in detail and dynamically the deformation of the membrane. We performed experiments and compared the results with numerical simulations to describe the actual deformation of the membrane. With these results we aim to set the basis for developing a pressure sensing device based in DHI. There are several issues concerning the sensitivity of this technique, namely: it is able to detect really small deformations, displacements or oscillations and, therefore, it becomes difficult to isolate external noise influencing the observations.
Introduction
Digital holographic interferometry (DHI) is an optical technique used for measuring small displacements or deformations of objects. Active research is being conducted in this field concerning its many applications [Oliveira et al. (2012) ; Sánchez et al. (2014) ; Wu et al. (2013) ]. The DHI technique consists mainly in digitally recording holograms by means of a suitable detector, such as CCD or CMOS sensor, between different states of the object under study and numerically reconstructing interference phase maps (or interferograms) to observe variations between exposures [Schnars and Jüptner (2005) ]. The most used hologram reconstruction methods are the Fresnel and the convolution approaches [Schnars and Jüptner (2005) ; Demetrakopoulos and Mittra (1974) ]. Both of these methods allow to extract phase information and generate interferograms to evidence small displacements or deformations between an initial (or undeformed) and a final (or deformed) state of certain object [Kreis (2005)] .
In this work, we used the so called off-axis lensless Fourier holographic arrangement to acquire holograms of a plastic membrane sealing one end of an hermetic cylindric chamber. A resistor was located inside this chamber and we have analyzed the deformation of the membrane as the air inside the chamber was heated by a flowing current in the resistor. We analyzed different types of perturbations by controlling the voltage on the resistor. In this way, the observed deflections were quantified and compared to results obtained from numerical simulations.
First, we briefly review the background theoretical aspects of both the holographic technique and the numerical modeling. Subsequently we describe the experimental details. Finally, we present and discuss the experimental and simulated results.
Background theory
In this section we describe the theoretical aspects of the work, concerning the basic concepts of the DHI technique and of the mathematical model used for numerical simulating the deformation of the membrane.
Holographic interferometry
DHI consists basically in the acquisition of two digital holograms, h 1 (x, y) and h 2 (x, y), of an object in its (1) undeformed and (2) deformed states [Schnars and Jüptner (2005) ; Valin et al. (2005) ]. Considering the Fresnel approach and a typical off-axis lensless digital Fourier holographic arrangement, as shown in Fig. 1 , each hologram is reconstructed by a single FFT and complex-matrix multiplication, as [Schnars and Jüptner (2005) ]
Subscripts 1 and 2 correspond to states (1) and (2), respectively, (ξ, η) are the coordinates on the object plane, (x, y) are the coordinates on the hologram plane, C 1,2 are complex constants, λ is the wavelength used for recording, d is the distance between the object and the hologram planes and F −1 [·] stands for a two-dimensional inverse FFT operation. The constants and exponential factors in front of the FFT can be disregarded since they are substracted out when computing phase differences [Oliveira et al. (2012) ; Schnars and Jüptner (2005) ]. Thus, H 1 and H 2 describe the complex wavefronts at each state of the object, propagated back to the object plane (i.e. forming the virtual images). For DHI measurements, the phases φ 1 and φ 2 at the object plane are recovered from Eq. (1) by means of
In turn, the reconstructed image of the object can be indistinctly recovered by taking the squared modulus of H 1 or H 2 .
To obtain the wrapped interference phase map or interferogram, the following operation should be performed [Kreis (2005) 
Subsequent filtering and unwrapping processes are generally needed to describe the actual object deformation or displacement with respect to its original state. We used a sine/cosine average filter and the Goldstein branch-cut two-dimensional phase unwrapping algorithms for this purpose [Ghiglia and Pritt (1998) ].
Deformation modeling
To simulate the deformation of the membrane we used a simple code written in MATLAB R , which generates the desired deformation and also calculates the resulting interferogram. The code is based in the following. A general displacement or deformation can be schematized as shown in Fig. 2 . Assuming the displacement of a point in the object to be d = Δxî + Δyĵ + Δzk, the distance traveled by light from the illumination point, S , to the observation point, O, will differ by an amount
between both states [Schnars and Jüptner (2005) ]. Here, s and o are unitary vectors bisecting the angles formed by s 1 and by s 2 and o 1 and o 2 , respectively, at the undeformed and deformed states. In turn, s 1 , s 2 , o 1 and o 2 are also unitary vectors pointing in the directions of light propagation from S to O (see Fig. 2 ). Eq. (4) arises from the fact that light travels the distance S P 1 + P 1 O at state (1) and the distance S P 2 + P 2 O at state (2), as shown in Fig. 2 . Thus, the path length difference between both states is Δl = S P 1 + P 1 O − S P 2 + P 2 O . In terms of the unitary vectors this can be written as Using the small displacement approximation, |d| S P 1 , S P 2 , P 1 O and P 2 O, the following assertions hold s 1 ≈ s 2 ≡ s and
Finally, taking into account that the displacement vector d is given by − −− → P 1 O − − −− → P 2 O and also by − −− → S P 2 − − −− → S P 1 , one gets the expression given in (4). Hence, the phase difference arising from the path difference Δl is given by
where k = 2π/λ is the modulus of the wave-vector and S = k(o − s) is known as the sensitivity vector [Schnars and Jüptner (2005) ]. Thus, S is fixed by the geometry of the holographic arrangement and determines the direction for which the system has maximum sensitivity (d parallel to S). On the contrary, the system has null sensitivity for displacements such that d is perpendicular to S. Since we are considering the vibration of the membrane in its fundamental mode, the displacement of each point of the membrane is uniquely determined by the displacements of the center of the membrane given above. The rest of the points will follow the shape of the Bessel function of order zero J 0 (α 01 r/R), where α 01 is the first root (> 0) of the Bessel function, R is the radius of the membrane and r is the radial coordinate.
Experimental details
We have implemented a typical off-axis lensless Fourier digital holography setup (see Fig. 1, above) . In this arrangement, the plane of the object facing the camera (i.e. the membrane in our case) must be placed at the same plane as the reference beam pinhole. We used a He-Ne laser (λ = 632.8 nm) and a 2592 × 1944 pixels CCD camera, with a pixel size of 2.3 μm × 2.3 μm.
We used a hermetic cylindric chamber with a plastic membrane sealing one of its ends. Inside this chamber we placed a 470 Ω × 1 W resistor, which was externally connected to a controllable DC power source as seen in Fig. 3 . This resistor worked as a heat source to induce pressure variations inside the chamber and produce the deformation of the membrane. Therefore, we could excite the resistance in different ways (sine, pulse, fixed voltage) and analyze the corresponding deformations. The net volume of air inside the chamber (i.e. substracting the resistor volume) was measured by weighting the amount of distilled water that fills it, which yielded a value of (48.5 ± 0.1) cm 3 .
Results and discussion
As a first test, we acquired a reference hologram of the undeformed membrane at the open circuit condition. Subsequently, we set fixed voltages of 1 V, 2 V and 3 V and after 1 min we acquired the corresponding holograms of the membrane at its deformed positions. In this way, we obtained the results shown in Fig. 4 . Here, the left Fig. 3 . Scheme of the hermetic chamber used to produce the deformation of the membrane by heating the air with a resistor and inducing controlled pressure variations. column contains the experimental interferograms obtained after numerical processing of the holograms. The middle column presents the corresponding 3D visualization of the deformation, reconstructed after cropping and filtering the interferograms. In turn, the right column shows the simulations of the deformations obtained after inserting as inputs the maximum calculated deflections of the membrane. As can be seen, the simulations are in agreement with the experimental results. Therefore, the simulations helped us to validate the experimental results since the calculated deflections from interferograms produced very similar wrapped phase maps when introduced in the model.
The second experience consisted in acquiring holograms each 10 s during a total time of 6 min and exciting the resistor with a fixed voltage of 2 V after the first minute. The aim of this test was (i) to determine the background noise during the first minute by acquiring holograms without excitation and (ii) to estimate the amount of time needed by the membrane to sense the pressure variation and to analyze its evolution with time. The voltage, in this case, was varied in time as V(t) = V 0 Θ(t − t d ), where t d is the delay time (= 60 s), V 0 = 2 V and Θ(·) is the Heaviside function.
In Fig. 5 we show the evolution of the interferograms (at 20 s intervals) and how they compare to the simulated results. We recall here that simulations were performed after calculating the deflections of the membrane by means of filtering and unwrapping the experimental interferograms. The agreement observed between experimental and simulated interferograms was very good.
The time evolution of the deflection values is shown in Fig. 6 . The perturbation reached the membrane and was evident between the interferograms acquired at t = 60 s and 70 s (not shown). This curve evidenced the high sensitivity of the technique, since at a low power delivered to the resistor (≈ 8 mW) the temperature-induced pressure variation inside the chamber was detected quite fast (in, say, a response time of ≈ 5 s). However, the maximum displacement was observed for t = 120 s, i.e. 1 min after the voltage was turned on. Moreover, the membrane deformation did not reach a steady-state, at least during the 5 min observation period. After achieving the maximum displacement, the displacement presented a slow decay.
The gray region surrounding the experimental points in Fig. 6 denotes the estimated uncertainty in the displacement values. This uncertainty was calculated by making use of the maximum difference of the data points obtained during the first minute, since in that period the membrane was subjected only to ambient perturbations. This uncertainty was assumed also for the subsequent experiences. In order to test the dynamic response of the sensing system, we have carried out two more experiences. First, we applied a sinusoidally varying voltage to the resistor with a low frequency of 0.025 Hz. This value was chosen so as to acquire an uncompressed video file (retaining high quality images) as long as possible without exceeding computer memory during image processing. Having this in mind, we recorded 10 s videos. Therefore, a sinusoidally varying voltage function with a frequency of 0.025 Hz provides an increment from 0 V to the desired peak voltage (5 V in our case) in a 10 s period. Hence, the voltage varied as V(t) = V 0 sin(2π f t) and the frame acquisition rate was around 5 fps (not constant). As before, the simulated interferograms were in excellent agreement with the experimental ones and, despite this, we decided not to show them to save space. The time evolution of the membrane displacement is shown in Fig. 7 . Again, the system response was retarded in comparison to the exciting voltage function. However, it is worth noting that there is an evident jump at t = 6 s, which is similar to the estimated response time of ≈ 5 s in the previous situation (see description of Fig. 6 ). Moreover, this jump appeared also as an inflection point in the curve shape. The gray zone denotes the uncertainity region, taking the same value as calculated from the previous experience.
Finally, we performed another experience by injecting a short 10 V pulse of 500 ms to the resistor (with a delay of 1 s) and recording the holograms of the membrane. Hence, the voltage in this case varied as
, with a delay t d = 1 s and a duration given by t f − t d = 0.5 s (t f = 1.5 s). The acquisition rate was nearly the same as before, i.e. ≈ 5 fps. The time evolution curve of the membrane displacement is shown in Fig. 8 . Here, the membrane seemed to react faster than before, since a noticeable jump was observed for t = 1.5 s. This is attributed to the relatively high voltage connected to the resistor as compared to the voltages of the previous experiences. This produced a more violent pressure variation inside the chamber, reaching the membrane faster, since the power delivered to the resistor was V 2 /R ≈ 210 mW. However, the displacement reached a maximum for t = 7 s, i.e. 6 s after the onset of the perturbation in coincidence with previous situations.
From the above, we conclude that the system allows to detect really small volume (eventually, pressure) changes. Once the displacement d z of the membrane was determined by the DHI technique, it results straightforward to calculate the volume variation by means of the integral which gives the general result ΔV = 1.3564d z R 2 . Taking into account the displacement curves shown in Figs. 6-8 one can see that ΔV values were always below 1 mm 3 . Such small variations represent relative volume changes lower than 0.002%.
The analysis of how these volume changes correlate to pressure variations is not straightforward and will be addressed in future works, which will be directed towards the development of a pressure sensing device based on the DHI technique.
Conclusion
In this work we have analyzed the deformation of a plastic membrane by means of the DHI technique. The membrane was deformed by heating the air in a relatively small hermetic chamber to which it was attached. The deformations were clearly detected and quantified, and the results were compared with numerical simulations. We could detect really small volume variations, which were calculated to be lower than 1 mm 3 . A good agreement was observed between experiments and simulations, which allowed us to validate the experimental results. We have roughly estimated the range of uncertainty in the determination of the membrane maximum displacement, being around ±80 nm. Further research will be focused towards the correlation of volume and pressure variations, setting the basis for the development of a pressure sensing device based on the DHI technique.
